The hairless mutation of mice was caused by insertion of a murine leukemia virus. Starting with sequences flanking the provirus, a series of overlapping clones surrounding the viral integration site were obtained. By using a combination of sequencing, PCR, and exon-trapping techniques, the hairless gene was identified. It encodes a predicted protein of 1182 amino acids, incuding a potential zinc-finger domain.
replaces SA2.
Genomic Clones. Clone b7.1.D6 corresponds to the 6.3-kb EcoRI fragment containing the solo LTR ofthe hr+ revertant, which arose in the HRA/Skh strain of mice (11) . Clones bx13.7 and bx5.7 were isolated from a Charon-27 library of HindIII-digested BALB/c DNA and transferred to the plasmid vector, pBS+ (Stratagene) for further analysis. Clones a.1 and c.1 were subclones from a yeast artificial chromosome (YAC) of C57BL/6J origin. The 220-kb YAC was isolated from the Princeton Mouse YAC library (14) by PCR screening with JS120 and JS121, the artificial chromosome was purified on a pulsed-field gel made with 1% SeaPlaque agarose (FMC), digested with Bgl II, and cloned into BamHIdigested pGEM-3 (Promega).
Tissue RNA Isolation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR). Total RNA was isolated by the guanidinium isothiocyanate method (15) . First-strand cDNA was synthesized by using S pg of total RNA with oligo(dT)12_18 (Pharmacia) and RNase H-reverse transcriptase SuperScript (BRL) and applying reaction conditions recommended by the manufacturer. Then, RNA was digested by treatment with 1.5 units of ribonuclease H (BRL) at 370C for 20 min. Three microliters of first-strand cDNA was PCRamplified with lx PCR buffer (1) (2) (3) mM MgCl2/50 mM KCl/10 mM Tris-HCl, pH 8.3) containing 200 .M each dNTP, 0.2 pmol of each primer per y4, and 0.05 unit of Amplitaq polymerase (Perkin-Elmer/Cetus) per y4 for 30 cycles. Denaturation and synthesis were carried out at 940C and 72TC, respectively; cycle times, annealing temperatures, and optimum Mg2+ concentrations were determined empirically.
Exon Trapping. Potential coding sequences in clone bx5.7 were identified with the exon-trapping vector, pSPL1 (13) . Electroporation of COS-7 cells, RNA isolation, RT-PCR amplification, and cloning were carried out essentially as described (13) , with oligonucleotide SA4 replacing SA2.
Rapid Amplification of cDNA Ends (RACE). cDNA cloning by the RACE technique was carried out essentially as described (12, 16) . Five micrograms of total RNA from the skin of BALB/c mice was reverse-transcribed with primer R0-R1-(dT)17. For the first ofthe nested PCR reactions, 5 RT-PCR we could show that these exons were expressed in the skin of mice and were spliced at the predicted position. Initial attempts to apply the same kind of strategies to isolate additional exons proved unsuccessful. Therefore, we utilized exon trapping (13) in an attempt to identify coding sequences 3' to the proviral integration site. A 3.2-kb BamHI fragment from the genomic clone bx5.7 (running from the BamHI site shown in Fig. 1A to a BamHI site in the polylinker of the vector) was introduced in both orientations into the unique BamHI site of the exon amplification vector pSPL1. Two PCR products, one of 200 bp and the larger of 700 bp, were observed after RT-PCR of RNA extracted from cells into which the sense construct had been introduced.
Sequence analysis showed that the 200-bp fragment was present at the 5' end of the larger fragment. Detailed analysis of the genomic clones, performed after the final isolation of the whole message, revealed that the two products corresponded to exon 8 and exons 8 through 11 of the hr gene. By RT-PCR we could show that exon trapping in COS-7 cells had faithfully recapitulated the splicing of exons 8 through 11 observed in skin from BALB/c mice. The newly discovered exons were linked to the exons originally identified by sequencing but with 1.4 kb of intervening RNA.
To identify the 3' end of the message, the RACE technique (12, 16) was used. Primers BC6 and BC7 at the 3' end of exon 11 were synthesized. Reverse transcription of BALB/c skin mRNA was primed with RO-Ri-(dT)17. Two rounds of nested PCR followed with primers BC6 and RO as the outer pair and BC7 and R. as the inner pair. The predominant product obtained, about 1 kb long, was gel-purified and sequenced. The sequence showed that there was a potential, albeit suboptimal (20) , polyadenylylation site, 5'-AAUGAA-3', starting 23 bp from the putative 3' end of the message.
Our next aim was to obtain a complete sequence for the hr gene (Fig. 2) . The experiments described above suggested that the hr message was quite long, about 4 kb in size.
Presumably for this reason it proved to be impossible to synthesize the full-length cDNA by RT-PCR. The sequence shown in Fig. 2 is therefore a composite. Nucleotides 1-1003 come from the genomic clones bx13.7 and b7.1.D6; they include exons 1 and 2 and the first 14 nucleotides of exon 3.
The sequence and the positions of the splice junctions were confirmed by direct sequencing of RT-PCR products. 2) and BC9 (exon 19). It contains the rest of exon 3, exons used for RT-PCR, we cannot determine whether these dif-4-18, and most of exon 19. The final 83 nucleotides come ferences arise as a result of PCR amplification or reflect from genomic clone c.1 and were confirmed by the direct genetic polymorphisms. We have chosen to show the gesequencing of the RACE product. The 2.9-kb BamHI fragnomic sequences in Fig. 2 ; future studies will resolve this ment was used to map precisely exons [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The sequences issue. of these exons were also determined in the genomic clones.
The 5' and 3' ends of the message remain somewhat poorly There were 12 nucleotide differences (resulting in a total of defined. Nuclease protection experiments (see below) imply seven amino acid changes) between the genomic sequences that the transcription start site must precede the BamHI site and the RT-PCR clone. Since the genomic clones were that marks the 5' end of the sequence shown in Fig. 2 . A obtained from mice of different genetic origins than the RNA potential polyadenylylation sequence was identified in the RACE product but we cannot be certain that all the hr messages terminate at that site. However, we note that longer transcripts were not detected by RACE and that sequencing genomic DNA for 500 bp 3' ofthis site failed to reveal a better match to the consensus polyadenylylation sequence. Sequence of the hr Gene. The sequence shown in Fig. 2 contains a long open reading frame starting in exon 2 and terminating just 93 nucleotides before the site of polyadenylylation. An in-frame AUG in exon 2 (nucleotides 378-380) is present within a region giving a good match to the consensus sequence oftranslational start sites in vertebrates (21) . Translation from this AUG would yield a 1182-amino acid protein with a predicted molecular mass of 127 kDa. No hydrophobic regions suggestive of leader or transmembrane regions are present. Comparison with the sequences deposited in the EMBL data base revealed only one sequence with any significant degree of similarity, a gene of unknown function called TSGA cloned from a rat testis library (22) . The two genes are of similar size and show 40% nucleotide identity and 25% amino acid identity. In addition, each of the two predicted proteins contain a single potential zinc-finger domain. No other protein motifs were identified.
Expression of the hr Gene. To begin the functional characterization of the hr gene, we have examined the sites of gene expression in mice. Nuclease protection experiments were performed with RNA extracted from various tissues of BALB/c mice and a probe from exon 1 of the hr gene. Only brain and skin were found to express significant amounts of message (Fig. 3) . The protected fragment corresponds to the first 336 nucleotides of the sequence given in Fig. 2 ; clearly the transcriptional start site must lie upstream. RT-PCR experiments confirmed that hr expression was restricted to brain and skin. Identical results were obtained with tissues from newborn animals. To further characterize the site of hr expression in skin, we hybridized sections from wild-type adult skin with sense and antisense hr-specific probes. These in situ hybridization experiments (Fig. 4) confirm that the hr gene is expressed in hair follicles, as would be expected from the phenotype of animals carrying the hr mutation. We could also detect expression throughout the interfollicular epidermis. No expression was seen in dermis.
DISCUSSION
We have previously shown that the hr mutation of mice was caused by a proviral insertion. Reversion of the mutation is associated with loss of the provirus, leaving behind a solo LTR (11 A number of pleiotropic effects have been attributed to the hr mutation. Foremost among these is the hair loss that occurs towards the end of the first hair growth cycle and the failure of subsequent hair growth cycles. Just prior to hair loss, a number of structural abnormalities of the epithelial cells in the hair follicles ofmutant mice become apparent (23) .
On the basis of dermal-epidermal recombinant grafting experiments, it had been suggested that these defects result from a failure ofthe dermis to deliver an inducing signal to the epidermis (24) . These results are in contrast to our expression studies, which indicate that the hr gene is expressed in the epidermis but not in the dermis. This implies that the primary molecular defect in hr mice is intrinsic to epidermal cells.
One apparent discrepancy between expression patterns and phenotype appears to lie in the thymus. Older mice carrying a mutation at hr have been reported to possess altered ratios of T-cell subsets and reduced T-cell-dependent B-cell responses (9, 10). We had anticipated that this effect would be reflected by expression of the hr gene in the thymic epithelium of wild-type animals. This was not seen. Whether this represents a manifestation of the role of the skin as an immunological organ (25) (26, 27) . This response was initiated by the stereo-specific binding ofthe dioxin to the cytosolic high-affinity Ah receptor and translocation of the ligand receptor complex to the nucleus (26) . In the absence of the hr gene product, this complex apparently turns on a battery of previously silent genes, resulting in the proliferative/differentiation response. This response is limited to the tissues in which we find hr expression, the interfollicular epidermis and hair follicles.
The hr gene appears to control responses only in epidermal cells; effects of dioxin on thymus and liver, which do not express hr, are independent of the hr genotype (26) . An analogous situation is observed with UV-induced skin tumors: almost all ofthe tumors induced are epidermal in origin (6) and are derived from cell types that express the hr gene.
Responses to dioxin seem to be controlled at the transcriptional level; failure to transcribe the gene(s) necessary for the function of the epidermis might cause the lesion in hair growth. Therefore, it is tempting to speculate that hr represents a transcription factor. Sequence analysis lends some support to this idea. Both hr and the rat testis gene TSGA contain a potential DNA-binding zinc-finger domain with the structure Cys-Xaa2-Cys-Xaals-Cys-Xaa2-Cys. Comparison with other zinc-finger proteins (Fig. 5) shows that the hr gene shows some similarity to the GATA family of transcription factors (28) . The spacing between the two Cys-Xaa2-Cys motifs differs by only one amino acid, and several other amino acids, including the Trp-Arg pair at the tip of the zinc finger (31) , are shared. While many zinc-finger proteins contain multiple zinc-binding domains, others, including some transcription factors, contain only a single domain (29, 30, 32) . Transcription factors are often dimers-for instance GAL4, which contains a single zinc-finger domain and binds DNA as a dimer (33) . In this context it is noteworthy that one allele of hr, Hr", is a dominant mutation (34) and that one of several possible explanations for dominant mutations involves dimerization (35, 36 ). We have not been able to identify an obvious dimerization domain in hr, perhaps unsurprisingly, since in many cases dimerization domains are represented by relatively subtle motifs (37) . The availability of the cloned hairless gene will allow us to address these possibilities and to examine, at the molecular level, the involvement of the hr gene product in spontaneous and induced tumors as well as its role in normal hair growth. 
